IMPORTANCE Amblyopia is the most common cause of visual impairment in childhood, with a prevalence of 1% to 4% in children in the United States. To date, no studies using noninvasive optical coherence tomographic angiography (OCTA) have measured blood flow in the retinal capillary layers in children with amblyopia.
A mblyopia is the most common cause of visual impairment in childhood, with a prevalence of 1% to 4% in children aged 7 to 17 years in the United States. [1] [2] [3] [4] [5] Without timely recognition and treatment, amblyopia may cause irreversible vision loss in adulthood. 1 There have been inconsistent spectral-domain optical coherence tomography (OCT) reports of retinal and macular abnormalities in the amblyopic eye, which include increased thickness of the outer nuclear layer, 6 although these pathoanatomical findings have been disputed. 4 The vascular system of the retina is vital for visual function, and its assessment is valuable in the evaluation of macular diseases. 7 Optical coherence tomographic angiography (OCTA) is a noninvasive modality that provides depthresolved visualization of the microvasculature of the retina, allowing the identification of the superficial retinal capillary plexus (SCP), the deep retinal capillary plexus (DCP), and the choroid. 8 To our knowledge, macular OCTA findings in children with amblyopia have not been previously reported. The aim of this study was to assess the density of the retinal capillary and radial peripapillary plexuses as well as the area of the foveal avascular zone (FAZ) in amblyopic eyes. We hypothesized that these vascular layers may have abnormalities not recognized by clinical examination or spectral-domain OCT. 4, 6 Methods A total of 59 patients were recruited and 63 eyes (13 [21%] of which were amblyopic eyes and 50 [79%] were control eyes) were evaluated. For participants with amblyopic eyes, the inclusion criteria were age younger than 18 years and an evaluation during a routine visit to the pediatric eye clinic or a referral to the clinic by the coinvestigators (3 of us, F.G.V., J.L.D., and S.L.P.). We enrolled patients from September 1, 2016, through May 31, 2017, and conducted the study from September 1, 2016, through June 30, 2017, at the UCLA Stein Eye Institute. This study was approved by the UCLA Institutional Review Board and adhered to the Declaration of Helsinki 9 and the Health Insurance Portability and Accountability Act. Written informed consent was obtained before imaging from the parents of the participants and directly from those older than 7 years. Amblyopia was defined as best-corrected visual acuity (BCVA) between 20/40 and 20/200 in one or both eyes without organic cause for the decreased vision. Only amblyopia due to strabismus or anisometropia was included. In patients with bilateral amblyopia, the eye with poorer vision was selected.
For the normal control group, we selected the fellow eye of patients with unilateral amblyopia if the BCVA was 20/20 or better. Normal patients presenting to the eye clinic with normal visual acuity and no evidence of any ocular abnormality that could cause amblyopia were also recruited. All control patients underwent a complete eye examination and were required to have 20/20 BCVA. In controls, we selected the right eye only for analysis to eliminate similarities of the measurements in the same person as a confounding factor. Furthermore, we performed 2 additional comparisons: amblyopic group vs fellow eyes in patients with amblyopia only and amblyopia group vs normal controls without amblyopia in the fellow eye. Snellen BCVA was converted to logMAR for analysis.
The exclusion criteria were the presence of deprivation amblyopia, nystagmus, retinal detachment, retinal disease, intraocular inflammation, and media opacity, such as corneal disease or cataract. Patients with a history of prematurity, neurologic disease, or systemic conditions that could alter the microvasculature (including diabetes, hypertension, cardiovascular disease, and renal disease) were excluded. In addition, patients with head, neck, or other injuries preventing proper positioning or with an inability to maintain retinal fixation on a specified target (owing to poor vision or cooperation) were excluded.
All patients underwent comprehensive ophthalmological examination, including visual acuity, refraction, and ocular motility tests; anterior and posterior segment examination; and OCTA, which was performed using a spectral-domain device with software (RTVue XR Avanti with AngioVue software; Optovue, Inc). Macular 3 × 3-mm and 6 × 6-mm scans as well as optic nerve 4.5 × 4.5-mm scans were performed in every patient ( Figure 1) . Each scan was automatically segmented by the software to visualize the SCP and DCP of the retina (Figure 2 ).
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The SCP OCTA image was segmented, with an inner boundary 3 μm below the internal limiting membrane and an outer boundary 15 μm below the inner plexiform layer. 8 The DCP image was segmented with an inner boundary 15 μm below the inner plexiform layer and an outer boundary 71 μm below the inner plexiform layer. 8 Analyzed features included vessel density (as a percentage) of the SCP and DCP of both macular scans, FAZ area (in millimeters squared) measured in the 3 × 3-mm scan, papillary and peripapillary vessel density, and foveal and parafoveal thickness in the 3 × 3-mm scan. All features were analyzed using the AngioVue automated software ( Figure 3 ). Central macular thickness was calculated by an automated algorithm available in the machine that measures foveal and parafoveal thickness from the inner limiting membrane to the retinal pigment epithelium. A 2-tailed, unpaired t test was used to compare mean values. However, in cases of skewed data, we performed a nonparametric Kruskal-Wallis test to compare values. In addition, logistic regression was used to evaluate the effect of age and refractive error. Data were analyzed with JMP Pro software, version 13 (SAS Institute Inc). A 2-sided P = .05 was considered statistically significant. To guarantee the quality of the
Key Points
Question Are there microvascular abnormalities on optical coherence tomographic angiography in children (<18 years) with amblyopia?
Findings In this case-control study of 63 eyes of 59 patients, reduced capillary density in the superficial and deep plexus in the central 6 × 6 mm of the macula was noted in amblyopic eyes but not in control eyes.
Meaning This finding suggests amblyopic eyes have reduced retinal capillary density in the macula, but the clinical relevance of this finding remains to be determined. Results from 6 × 6-mm macular scans (left-hand images) of vessel density in the superficial retinal capillary plexus (SCP) and deep retinal capillary plexus (DCP) of an amblyopic eye (A and B) and a fellow control eye (C and D). In the perfusion density maps (right-hand images), a decrease in vessel density is indicated by colder (bluer) colors.
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Spectral-Domain Optical Coherence Tomography in Children With Amblyopia images, we excluded scans that had a signal strength lower than 40 or, if greater than 40, had excessive motion artifacts not correctable by the AngioVue software. 10 
Results
A total of 63 eyes of 59 patients were included in the study, 13 (21%) of which were amblyopic eyes and 50 (79%) were control eyes. Of the 50 control eyes, 46 (92%) were eyes of normal patients and 4 (8%) were normal fellow eyes of patients with amblyopia. The sample included 33 female children (56%), and the mean (SD) age was 8.0 (4.0) years (range, 4-17 years) for patients with amblyopia and 10.3 (3.3) years (range, 4-17 years) for the controls; 5 of 13 (39%) and 27 of 46 (54%) patients in the amblyopia and control groups, respectively, identified as white. No difference in age, sex, or race/ethnicity was observed between groups ( Table 1) (Table 1) , although amblyopic eyes demonstrated more than 3 diopters (D) hyperopia.
In the 3 × 3-mm scans, the mean (SD) macular vessel density of the SCP was 51.5% (3.4%) in the amblyopia group and 53.5% (2.5%) in the control group, with a difference of −1.95 (95% CI, −3.94 to 0.04; P = .07). In the 6 × 6-mm scans, the mean (SD) density of the SCP was 49.3% (4.1%) in the amblyopic group and 51.2% (2.9%) in the control group, with a difference of −1.84 (95% CI, −4.29 to 0.62; P = .20; Table 2 ). After adjusting for age and spherical equivalent, the difference in the SCP in the 6 × 6-mm scan was statistically significant (−1.84 [95% CI, −4.29 to 0.62]; P = .02). The mean (SD) macular vessel density of the DCP in the 3 × 3-mm scan was 55.9% (5.5%) in the amblyopic group and 59.6% (2.14%) in the control group, with a difference of −3.68 (95% CI, −6.75 to −0.60; P = .04; Table 2 . After accounting for age and spherical equivalent, this association was no longer statistically significant (3.68 [95% CI, −6.75 to −0.60]; P = .20). The mean (SD) macular vessel density of the DCP in the 6 × 6-mm scans was 54.4% (4.7%) in the amblyopia group and 60.1% (3.3%) in the control group, with a difference of −5.67 (95% CI, −8.53 to −2.80; P = .02; Table 2 and Figure 2 ]. The skewness of the macular vessel density of the DCP in the 6 × 6-mm scan was found to be moderately skewed with a skewness value of 0.5 for patients with amblyopia and −2 for the control patients. A Kruskal-Wallis test was performed for this comparison given that the data were moderately skewed, and the mean difference was found to be statistically significant (54.4% [4.7%] vs 60.1% [3.3%]; P < .001). After accounting for age and spherical equivalent, this asso- The vessel density in the 4.5 × 4.5-mm whole optic nerve scan was 55.6% for the amblyopic group and 57.6% for the control groups, with a difference of 2% (95% CI, −0.05% to 4%; P = .10). Inside the optic disc, the mean (SD) vessel density was 57.3% (4.3%) in the amblyopic group and 58.4% (3.2%) in the control group, with a difference of 1.2% (95% CI, −1.4% to 3.8%; P = .40); in the peripapillary area, the density was 58.9% and 60.2% in the amblyopic and control groups, respectively, with a difference of 1.2% (95% CI, −0.7% to 3.2%; P = .20).
The In the 3 × 3-mm scan, the mean vessel density of the SCP was 51.5% for amblyopic eyes and 54.1% for fellow eyes, with a difference of 2.5% (95% CI, 0.2% to 5.2%; P = .05). The mean (SD) DCP in the 3 × 3-mm scan was 56.0% (5.6%) for amblyopic eyes and 59.6% (2.3%) for fellow eyes, with a difference of 3.6% (95% CI, 0.5% to 7.6%; P = .05). All the other analyzed features did not differ considerably between the 2 groups.
Finally, we compared amblyopic eyes with normal control eyes that did not have amblyopia in the fellow eye. We found an important difference between groups in the mean cylinder: ; logMAR, −0.12 to 0.00), with a difference of 0.53 (95% CI, 0.47% to 0.58%; P < .001). The mean (SD) vessel density of the DCP in the 3 × 3-mm scan was 55.9% (5.5%) in the amblyopia group and 59.6% (2.14%) in the control group, with a difference of 3.6% (95% CI, 1.5% to 5.7%; P = .003). In the 6 × 6-mm scan, the mean (SD) vessel density of the DCP was 54.5% (4.8%) in the amblyopia group and 60.3% (2.9%) in the control group, with a difference of 5.7% (95% CI, 3.4% to 8.1%; P = .002).
Discussion
In this study, we found that OCTA illustrates a significantly lower vessel density of the DCP, with a mean of a 5.7% reduction in the 6 × 6-mm scan in children with amblyopia. This reduction was a mean of 1.8% in the SCP. We did not find any statistically significant difference in the FAZ or foveal thickness between groups. The macular findings by OCT in patients with amblyopia, including foveal thickness and differences in the retinal layers such as the retinal nerve fiber layer, have been widely studied. 4, [11] [12] [13] [14] [15] 12 We found no abnormality in papillary and peripapillary vessel density, which is consistent with the findings of the Pediatric Eye Disease Investigator Group.
In our population, OCTA demonstrated a statistically significant lower vessel density in both the SCP and the DCP in patients with amblyopia than in normal controls. The retinal capillary plexus comprises 3 main laminar or planar vascular layers in the parafoveal region: SCP, DCP, and the intermediate retinal capillary plexus. 18 The DCP may be at a greater risk of hypoxic retinal injury because of its more distal location from the retinal arterial and choroidal circulations and the higher metabolic demand in the middle retinal layers. [19] [20] [21] We speculate that the lower vessel density of the SCP and DCP in amblyopic eyes may be associated with abnormal development due to the lack of a normal visual experience, although animal models present no evidence of this. The arrested development due to abnormal visual stimulus could correlate with a thicker retinal nerve fiber layer that many other investigators have found, which could be associated with an arrest in maturation. These findings were not seen on the 3 × 3-mm scans, which could indicate that amblyopic changes are not centrally located in the fovea; this indication is further corroborated by the lack of difference in the FAZ area between the 2 groups. We also did not find any differences in the foveal or parafoveal retinal thickness.
Limitations
This study has several limitations, including a small sample size and lack of additional tests at the time of OCTA imaging. The importance of the small sample size cannot be understated, and it is unclear whether our findings would be generalizable to a larger group of patients. Given the small sample size, it is unclear whether the skewed nature of our data (positive skew for those with amblyopia and negative skew for controls) is an artifact of the small sample size or is truly representative. Moreover, because split-spectrum, amplitude-decorrelation angiographic measurements are derived from changes in reflections and backscattering of light, the larger vessels of the SCP often can result in projection artifacts at the level of the DCP 8 ; artifacts can result from poor fixation leading to excessive movement that cannot be corrected by the AngioVue software. Although we excluded patients with obvious nystagmus or inability to fixate for the scan (because the OCTA tracks eye movement), we cannot rule out the possibility that subclinical nystagmus in patients with amblyopia may have affected our results. In addition, this study included multiple comparisons; therefore, we cannot rule out the possibility of statistical artifact. However, the identification of a significantly decreased vessel density in patients with amblyopia is novel. Further studies using a larger sample size are encouraged, including the evaluation of the SCP, DCP, and intermediate capillary plexus separately. Additional studies will clarify our findings and determine their clinical relevance.
Conclusions
Young patients with amblyopia have reduced superficial and deep retinal capillary density on OCTA. These vascular changes may be associated with decreased visual acuity. The clinical relevance of this finding remains to be determined.
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